The suprachiasmatic nucleus (SCN) harbors an endogenous oscillator generating circadian rhythms that are synchronized to the external light/dark cycle by photic information transmitted via the retinohypothalamic tract (RHT). The RHT has recently been shown to contain pituitary adenylate cyclase-activating polypeptide (PACAP) as neurotransmitter/neuromodulator. PACAPergic effects on cAMP-mediated signaling events in the SCN are restricted to distinct time windows and sensitive to melatonin. In neurons isolated from the SCN of neonatal rats we investigated by means of the fura-2 technique whether PACAP and melatonin also influence the intracellular calcium concentration ([Ca 2ϩ ] i ). PACAP elicited increases of [Ca 2ϩ ] i in 27% of the analyzed neurons, many of which were also responsive to the RHT neurotransmitters glutamate and/or substance P. PACAP-induced changes of [Ca 2ϩ ] i were independent of cAMP, because they were not mimicked by forskolin or 8-bromocAMP. PACAP caused G-protein-and phospholipase C-mediated calcium release from inositol-trisphosphatesensitive stores and subsequent protein kinase C-mediated calcium influx, demonstrated by treatment with GDP-␤-S, neomycin, U-73122, calcium-free saline, thapsigargin, bisindolylmaleimide, and chelerythrine. The calcium influx was insensitive to antagonists of voltage-gated calcium channels of the L-, N-, P-, Q-and T-type (diltiazem, nifedipine, verapamil, -conotoxin, -agatoxin, amiloride). Immunocytochemical characterization of the analyzed cells revealed that Ͼ50% of the PACAP-sensitive neurons were GABA-immunopositive. Our data demonstrate that in the SCN PACAP affects the [Ca 2ϩ ] i , suggesting that different signaling pathways (calcium as well as cAMP) are involved in PACAPergic neurotransmission or neuromodulation. Melatonin did not interfere with calcium signaling, indicating that in SCN neurons the hormone primarily affects the cAMP signaling pathway.
The hypothalamic suprachiasmatic nucleus (SC N) of mammals is the primary endogenous oscillator generating circadian rhythms that are synchronized with the environmental light /dark cycle by photic information directly transmitted from the retina via the retinohypothalamic tract (RHT). This photic input is the major natural phase-shifting stimulus (zeitgeber) that regularly resets the clock. The amino acid glutamate and the neuropeptide substance P (SP) are neurotransmitters/neuromodulators of the RHT that convey light information to the oscillator and thus produce phase-shifts of SC N activity during the night (for review, see Inouye and Shibata, 1994) . In contrast, pituitary adenylate cyclase-activating polypeptide (PACAP), recently proposed as another neuromodulator of the RHT, induces phase-shifts during the daytime, probably mediated via PACAP-induced phosphorylation /activation of the transcription factor calcium /cAMP response element binding protein (CREB), a putative mediator between light (or darkness) information and phase-shifting of SCN activity rhythms. Thus, PACAPergic neurotransmission to the SCN may encode darkness information (Fukuhara et al., 1997; Hannibal et al., 1997; Kopp et al., 1997) .
PACAP binding sites have been divided into different types based on the relative affinities for PACAP and vasoactive intestinal polypeptide (VIP), which shows 68% amino acid identity with the (1-28)N-terminal sequence of PACAP. PACAP type II receptors bind PACAP and VIP with equal affinity and are coupled to adenylate cyclase (AC) activity (Ishihara et al., 1992; Lutz et al., 1993) , whereas type I receptors specifically bind to PACAP and exist in at least seven splice variants. These receptor isoforms are coupled to phospholipase C (PLC) and/or AC activity, with the exception of one isoform that is coupled to activation of voltage-gated calcium channels (Spengler et al., 1993; Chatterjee et al., 1996; Pantaloni et al., 1996) . Furthermore, a third PACAP receptor subtype has been cloned that binds to both PACAP and VIP with high affinity and is coupled to AC and (probably) PLC activation (Inagaki et al., 1994) .
The hormone melatonin, which is synthesized in and released from the pineal organ during the night and thus serves as an endocrine signal of darkness, is another time cue acting on the SCN. Melatonin elicits its effects via binding to mt 1 and MT 2 receptors that are coupled to inhibition of the AC (Reppert et al., 1994; Liu et al., 1997) . In addition, recent reports demonstrated that melatonin also activates the calcium signaling pathway and thus affects PLC and protein kinase C (PKC) activity (Godson and Reppert, 1997; McArthur et al., 1997) . Furthermore, in hypophysial gonadotrophs, melatonin has been shown to have a direct influence on the intracellular calcium concentration ([Ca 2ϩ ] i ) by inhibition of calcium influx through voltage-sensitive channels K lein, 1992, 1995) .
In the SC N the PACAP-induced activation of CREB, solely inducible at distinct time windows, is sensitive to melatonin (Kopp et al., 1997) . In the present study we investigated the effects of PACAP and melatonin on the calcium signal transduction cascade in SC N cells isolated from neonatal rats to give further insight into the signaling events affected by these phaseentraining substances in the biological clock.
MATERIALS AND METHODS
Cell culture. Wistar rats (Charles River, Sulzfeld, Germany) were maintained in our rat colony under a 12 hr light /dark cycle with food and water ad libitum. Newborn male and female rats (1-7 d old) were killed by decapitation during the light period, and the area of the SC N was punched out of hypothalamic brain slices. The SC N was identified macroscopically by its position at the ventral surface of the hypothalamus, extending laterally to the third ventricle and directly dorsally to the optic chiasm. The tissue was transferred immediately to ice-cold Earle's Balanced Salt Solution (EBSS) containing 10 mM H EPES and 7 mg /ml glucose. The cells were dissociated by incubation in a papain digestion solution (EBSS containing 10 mM H EPES, 7 mg /ml glucose, 5 mM EDTA, 1 mM L-cysteine, and 20 U/ml papain) and repetitive pipetting. After complete dissociation the cells were pelleted by centrif ugation, and the papain solution was removed. The cells were resuspended in EBSS containing 10 mM H EPES, 7 mg /ml glucose, 0.01% trypsin inhibitor, and 0.1% bovine serum albumin (BSA) and overlaid on an EBSS gradient solution (EBSS containing 10 mM H EPES, 7 mg /ml glucose, 0.1% trypsin inhibitor, and 1% BSA). After a second centrif ugation the cells were washed in DM EM/ Nutrient Mix F12 (DM EM / F12) supplemented with 10 mM H EPES, 2 mM glutamine, 100 U/ml penicillin, 100 g /ml streptomycin, 100 g /ml ascorbic acid, and 10% fetal calf serum and finally plated onto poly-L-lysine-coated coverslips with an internal grid. Cultures were maintained in supplemented DM EM / F12 in an incubator at 37°C in an atmosphere of 7% C O 2 and 93% air and cultured for at least 5 d before the experiments.
Fluorescence microscopy and calcium imag ing. For dye loading, cells were incubated for 30 min at 37°C in artificial C SF (aC SF) containing (in mM): NaC l 140, KC l 5, C aC l 2 2, MgC l 2 1, H EPES 10, and glucose 5 that contained 3 M f ura-2 AM, the fluorescent calcium indicator (Molecular Probes, Eugene, OR). Thereafter the coverslips were mounted in a specially constructed superf usion chamber on the heatable stage of a microscope (Axiovert 100; Z eiss, Jena-Göttingen, Germany) and superf used with aC SF for 10 min before drug application at a constant temperature of 37°C and at a flow rate of 500 l /min. All experiments were performed between 10 A.M. and 10 P.M., except the measurements after long-time treatment with PACAP, which were performed during a 24 hr period from 9 A.M. to 9 A.M. Application of the drugs was performed by stopping the superf usion and adding the drugs with a Pasteur pipette directly into the superf usion chamber.
PACAP exists in two isoforms, PACAP38 and PACAP27, which share the same N-terminal 27 amino acids and arise from a 175 amino acid precursor peptide by tissue-specific post-translational processing (Miyata et al., 1989 (Miyata et al., , 1990 . Because PACAP38 appears as the predominant product of this processing of the PACAP precursor in the hypothalamus (Arimura et al., 1991; Hannibal et al., 1995) , we focused on this isoform of the peptide. In most of the experiments PACAP was used at a concentration of 100 nM. The inhibitors of G-protein, PLC, PKC, and voltage-gated calcium channels, respectively, were applied for 3-10 min before stimulation with PACAP; pretreatment with melatonin extended over a period of 5-30 min before PACAP application. All drugs tested were stored as stock solutions at Ϫ20°C and diluted with prewarmed aC SF immediately before use. The drugs were washed out by starting the perf usion again, and complete washout of the chamber was achieved within 30 sec.
For the analysis of intracellular calcium concentrations, an Attofluor Ratio Imaging system (Atto Instruments, Rockville, MD) was used. E xcitation light was provided by a mercury lamp (HBO 103 W/2; Osram, Berlin-München, Germany); excitation wavelengths of 334 and 380 nm were selected by different interference filters mounted on a computercontrolled filter changer. E xposure times were controlled by a shutter between the filter changer and a neutral density filter that was used in conjunction with manual gain setting to obtain approximately equal fluorescence intensities at the two different excitation wavelengths. Fluorescence light was collected by an Achrostigmat 40ϫ oil-immersion objective (Z eiss), passed through a dichroic mirror (395 nm) and an emission filter (500 -530 nm), and finally transmitted to a CCD camera with a photomultiplier. A personal computer with appropriate software (Attofluor Ratio Vision, Atto Instruments) was used to control the optic equipment and to record, analyze, and store the images and data.
In some experiments ratio data of the emission intensities at 334 and 380 nm were converted to approximate calcium concentrations as described previously (Grynkiewicz et al., 1985; Schomerus et al., 1995) . However, this calibration procedure is an approximation, and the methods for calibrating emission ratios make many assumptions that cannot be readily tested experimentally (Leong, 1989; D'Souza and Dryer, 1994) . Thus, most of the data in this study are presented in a semiquantitative manner as 334 nm /380 nm emission ratios instead of as intracellular calcium concentrations. In SC N neurons, PACAP elicited changes in [C a 2ϩ ] i with a broad variety (enhancement of [C a 2ϩ ] i from basal concentrations of ϳ100 nM to peak concentrations ranging from 700 nM to 3.5 M), and PACAP stimulation led to a long-lasting refractory time. Therefore, we defined for the experiments with G-protein or PLC inhibitors a threshold to identif y the cells, which were responding to PACAP after specific inhibition of signal transduction cascade components. An increase of basal ratio values by a value of 0.15 was sufficient to declare this cell to be a responder. Statistical analysis was performed using unpaired Student's t test. Values were considered significantly different with p Ͻ 0.05.
Immunoc ytochemistr y. The cell culture was characterized by immunocytochemical identification of glial as well as neuronal antigens and the demonstration of neurotransmitters known to be present in the SC N. Furthermore, in a subset of experiments, the cells, which were initially analyzed with the f ura-2 technique, were subsequently characterized by immunocytochemical demonstration of GABA. C ells were fixed with 4% paraformaldehyde or 4% paraformaldehyde plus 0.5% glutaraldehyde in PBS, respectively, for 30 min. The cells were then thoroughly washed with PBS and preincubated for 30 min with PBS containing 0.3% Triton X-100 and 10% normal goat serum to reduce nonspecific staining. Blocking solution was replaced with the primary antibody solution [glial fibrillary acidic protein (GFAP) 1:1000 (Dako, Hamburg, Germany), microtubule-associated protein 2 (M AP2) 1:200 (IC N, Eschwege, Germany), GABA 1:250 (Sigma, Deisenhofen, Germany), arginine vasopressin (AV P) 1:200 (gift from Dr. F. Nürnberger, Dr. Senckenbergische Anatomie, Frankf urt, Germany), V I P 1:200 (Genosys, C ambridge, UK), gastrin-releasing peptide (GRP) 1:200 (Affiniti, Nottingham, UK), somatostatin (SOM) 1:200 (UCB, Brussels, Belgium) in PBS containing 0.3% Triton X-100, 1% BSA], and the cells were incubated overnight at room temperature (RT). Coverslips were then washed with PBS, and the secondary antibody solution [C y3-conjugated goat anti-rabbit /mouse IgG 1:250 -1:500 (Dianova, Hamburg, Germany), dichlorotriazinyl aminofluorescein-conjugated goat anti-rabbit IgG 1:50 (Dianova), FI TCconjugated goat anti-mouse IgG 1:30 (Sigma) in PBS containing 0.3% Triton X-100, 1% BSA] was added for 90 min at RT. The coverslips were finally mounted onto glass slides using fluorescence mounting medium (Dako).
Confocal laser microscopy. To characterize immunocytochemically the cells initially analyzed with the f ura-2 technique as GABA-immunopositive or -negative neurons, a Z eiss L SM 510 confocal imaging system equipped with an argon laser and an inverse Axiovert 100 Z eiss microscope were used. Immunocytochemistry was performed with the fluorescent dye FI TC -conjugated goat anti-mouse IgG as the second antibody to avoid extensive nonspecific staining of the layer of glial cells, usually elicited by chromogenes such as diaminobenzidine, and thus to allow re-identification of the coordinate system etched onto the coverslip. Monochromatic light at 488 nm was used to excite the FI TC fluorophore using a dichroic beam splitter (F T 488) and an emission bandpass filter , and also to generate transmission images. The images were stored for f urther analysis as digitized images with an eight-bit resolution (1024 ϫ 1024 pixel).
Autoradiographic detection of 2-[ 125 I]-iodomelatonin binding sites.
Newborn Wistar rats (1-7 d old) were killed by decapitation, and the brains were frozen in 2-methylbutane (Ϫ20°C). Serial coronal sections including the SC N (16 m thick) were cut using a cryostat and mounted on gelatin-coated slides. In vitro autoradiography was performed using one set of sections to determine total binding and a second set to determine nonspecific binding. Slides were preincubated in PBS containing 0.01% BSA for 1 hr at RT to remove endogenous ligand. Thereafter they were incubated with 50 pM 2-[
125 I]-iodomelatonin (specific activity: 2200 C i / mmol) in PBS/ BSA without (total binding) or with (nonspecific binding) 1 M melatonin for 1 hr at RT. After washing in ice-cold buffer (1 ϫ 15 min in PBS/ BSA ϩ 1 ϫ 15 min in PBS), sections were air-dried and exposed to x-ray film (Kodak, Stuttgart, Germany) for 3 weeks.
Materials. Drugs and chemicals were obtained from the following sources: NaC l, KC l, C aC l 2 , MgC l 2 , KH 2 PO 4 , Na 2 HPO 4 , Triton X-100, glucose, EGTA (Merck, Darmstadt, Germany); EBSS, DM EM / F12, fetal calf serum, penicillin /streptomycin, glutamine, H EPES (Life Technologies, Eggenstein, Germany); papain (Boehringer Mannheim, Mannheim, Germany); PACAP38, ionomycin, tetrodotoxin (TTX), forskolin, thapsigargin, GDP-␤-S, U-73122, U-73343, bisindolylmaleimide I, chelerythrine, -agatoxin IVA, -conotoxin GV IA, melatonin (C albiochem-Novabiochem, Bad Soden, Germany); 8-bromo-cAM P (8-Br-cAM P) (BioL og, Bremen, Germany); PACAP38 (Bachem, Heidelberg, Germany); SP, V I P (Peninsula, Belmont, CA); 2-[ 125 I]-iodomelatonin (DuPont N EN, Boston, M A); all other drugs and chemicals were obtained from Sigma. Coverslips with a coordinate system that was etched onto the glass were obtained from Eppendorf (Hamburg, Germany).
RESULTS

Characterization of the dissociated and cultured cells
After 4 -10 d in culture, cells dissociated from the hypothalamus of neonatal rats were characterized by immunocytochemical demonstration of specific antigens to determine the amount of SCN cells in our primary cell cultures. Neurons, identified by MAP2-immunoreactivity (Fig. 1C ), rested on a layer of GFAPimmunopositive astrocytes ( Fig. 1 A,B ). Astrocytes were initially 
, and VIP ( H ). Most of the neurons in our cell culture were GABAergic (ϳ70%); ϳ5-10% of the neurons expressed AV P or V I P, respectively, and ϳ2% of the neurons showed GRP-or SOM-immunoreactivity. Scale bars, 10 m.
rare but multiplied and flattened during the following days, achieving confluence after ϳ4 d in culture. Neurons were further characterized by immunolabeling for GABA, AV P, V IP, GRP, and SOM ( Fig. 1 D-H) . GABA is the predominant neurotransmitter of SC N neurons, whereas the neuropeptides delineate distinct neuronal subpopulations within the SC N (van den Pol and Tsujimoto, 1985) . Immunocytochemical demonstration of GABA revealed that the majority of neurons in the cell culture were GABAergic (ϳ70%); AV P and V I P were detectable in ϳ5-10% and GRP and SOM were detectable in ϳ2% of the neurons. The number of the immunocytochemically identified cells varied between the preparations (n ϭ 9), but the relative proportions of GABA, AV P, V I P, GRP, and SOM cells were similar to those found in the SC N in vivo, indicating that representative subsets of SC N neurons remained viable in culture (also see Welsh et al., 1995) .
PACAP induces changes in [Ca 2؉ ] i in a very complex pattern in GABAergic and non-GABAergic neurons
Fura-2 loading of cells resulted in a strong uptake of the fluorescent dye by neurons identified by their size and cell morphology, whereas only very few fibrillary astrocytes were labeled. Analysis of [C a 2ϩ ] i was restricted to neurons only, and up to 60 individual cells could be monitored simultaneously within one measurement.
After stimulation with Ն10 nM PACAP, 1169 (27%) of 4285 neurons analyzed with the fura-2 technique showed an increase of [Ca 2ϩ ] i (Fig. 2a) . The percentage of cells that were responding to PACAP varied between different preparations (10 -60%; n ϭ 38). Conversion of the semiquantitative ratio values into approximate intracellular calcium concentrations showed that the PACAP-induced increases in [Ca 2ϩ ] i varied considerably among single cells. During stimulation, [Ca 2ϩ ] i rose from a basal concentration of ϳ100 nM to peak concentrations ranging from 700 nM to 3.5 M (Fig. 2b-d ). These differences were not dependent on the preparation or the culturing period.
The PACAP-induced changes of [Ca 2ϩ ] i could be distinguished into three major response patterns: (1) monophasic responses (20%) (Fig. 3a) , (2) biphasic responses with an initial increase of [Ca 2ϩ ] i followed by a plateau phase (65%) (Fig. 3b) , which extended in many neurons over several minutes and was not dependent on the duration of PACAP stimulation (Fig. 3c,d ), and (3) calcium oscillations with varying amplitude (15%) (Fig. 3e,f ) .
Application of a short PACAP pulse (ϳ30 sec) resulted in a long-lasting refractory time, because even 30 min after this first pulse most of the neurons (Ͼ90%) did not react to a second PACAP pulse with changes in [Ca 2ϩ ] i (Fig. 3g) . Prolonged incubation of the neurons with PACAP (16 hr) caused a dramatic The ratio data of a single PACAP-responsive neuron ( b) were converted to approximate calcium concentrations ( d) by means of the Grynkiewicz equation (Grynkiewicz et al., 1985) . c, d, PACAP-induced changes of [C a 2ϩ ] i in two neurons from the same experiment that display a striking variation in the amplitude of the response. PACAP elicited [Ca 2ϩ ] i increases from basal levels of ϳ100 nM to peak concentrations ranging from 700 nM to 3.5 M. The duration of PACAP application is indicated by bars. ] i that were indistinguishable from those caused in the absence of TTX (Fig. 4a) . Furthermore, PACAP-induced increases of [Ca 2ϩ ] i were detectable as soon as 20 hr after cell dissociation, when the layer of astrocytes had not yet been developed and the cells were situated separately on the coverslip (Fig. 4b) . These data indicate that the PACAP-induced changes in [C a 2ϩ ] i in SC N neurons were not mediated through intercellular communication.
Application of the structurally related peptide V I P (100 nM) did not increase calcium in neurons of the SC N (n ϭ 53), indicating that the PACAP-induced changes of [C a 2ϩ ] i are mediated via specific PACAP receptors. Furthermore, pretreatment with V I P did not lead to desensitization of the PACAP-sensitive receptors, nor did it influence the pattern of PACAP-induced calcium signaling (Fig. 5a,b) .
Activation of the AC by forskolin (10 M; n ϭ 162) or application of the cell-permeable cAM P analog 8-Br-cAMP (1 mM; n ϭ 141) did not change the basal [C a 2ϩ ] i or affect the PACAPinduced increases of [C a 2ϩ ] i , demonstrating that the intracellular cAMP level is obviously not involved in PACAP-induced calcium signaling in SCN neurons (Fig. 5c,d ).
Combined analysis of the PACAP-induced calcium responses and immunocytochemical demonstration of GABA showed that PACAP elicited increases in [C a 2ϩ ] i in both GABA-immunopositive (53%; 28 of 53 cells) and GABAimmunonegative neurons (47%) (Fig. 6) . Nevertheless, the pattern of PACAP-induced changes of [Ca 2ϩ ] i did not vary between these PACAP-sensitive cells, i.e., PACAP induced monophasic and biphasic responses as well as calcium oscillations in GABAergic and non-GABAergic neurons.
In addition to PACAP, many of the neurons were also sensitive to glutamate and SP, two other neurotransmitters of the RHT. Application of SP (100 nM) resulted in an increase of [Ca 2ϩ ] i in 30% of all cells tested (134 of 447); application of glutamate (10 M) enhanced [Ca 2ϩ ] i in 45% of the analyzed cells (1678 of 3794). A great number of neurons that responded to PACAP with increased [Ca 2ϩ ] i were also sensitive to glutamate (60%; 216 of 361 cells), to SP (55%; 86 of 155 cells), and to glutamate and SP (40%; 24 of 62 cells) (Fig. 3h) . This indicates that individual SCN neurons obtain photic information by different neurotransmitters/ neuromodulators of the RHT.
PACAP mobilizes calcium from intracellular and extracellular origin
PACAP application to SCN neurons kept in calcium-free saline plus EGTA (1 mM) resulted in a uniform response pattern in all responding cells. A rapid increase in [Ca 2ϩ ] i was followed by an immediate drop to basal levels, but a plateau phase or calcium oscillations, as detected in 80% of the responding cells after PACAP treatment in calcium-containing saline, were abolished (n ϭ 393) (Fig. 7a) . This indicates that intracellular calcium stores are involved in PACAP-induced calcium signaling in the SCN. Application of caffeine (10 M-1 mM), which mobilizes calcium from ryanodine-sensitive intracellular calcium stores, did not interfere with PACAP-induced calcium responses (n ϭ 345) (Fig. 7b) . In contrast, treatment with thapsigargin (2 M), which releases calcium from intracellular stores by inhibiting the microsomal (endoplasmic reticular) Ca 2ϩ -ATPase, caused an increase in [Ca 2ϩ ] i , and no PACAP-induced changes in [Ca 2ϩ ] i were detectable after thapsigargin-sensitive calcium stores were depleted (n ϭ 174) (Fig. 7c) .
The effects of PACAP on [Ca 2؉ ] i are mediated via Gprotein, PLC, and PKC
Because the number of PACAP-sensitive cells varied considerably between different cell preparations, parallel measurements were performed in the experiments with G-protein or PLC inhibitors, and the average number of PACAP-responsive cells was normalized (control measurements without inhibition ϭ 100%). Preincubation of the cells with GDP-␤-S (1 mM; n ϭ 240), a nonhydrolyzable GDP analog that competitively inhibits G-protein activation, resulted in an inhibition of PACAP-induced increases of [Ca 2ϩ ] i in Ͼ60% of the PACAP-sensitive neurons ( p Ͻ 0.0001 vs controls) (Fig. 8) . Application of two different PLC inhibitors, neomycin (500 M; n ϭ 443) or U-73122 (10 M; n ϭ 249), led to a similar result. After pretreatment with neomycin or U-73122, only 30 or 5% of the PACAP-sensitive cells, respectively, responded to PACAP with a rise in [Ca 2ϩ ] i ( p Ͻ 0.0001 vs controls for both inhibitors) (Fig. 8) . In contrast, preincubation with U-73343 (10 M; n ϭ 175), an analog of U-73122 that acts as a very weak inhibitor of the PLC and thus serves as a suitable Figure 7 . Effects of removal of extracellular calcium and depletion of intracellular calcium stores on PACAP-induced calcium signaling. Application of PACAP to cells kept in calcium-free saline plus EGTA (1 mM) resulted in a rapid increase of [C a 2ϩ ] i followed by an immediate drop to basal levels in all PACAP-responsive cells. The plateau phase and calcium oscillations were abolished under these conditions, indicating that intracellular and extracellular calcium is involved in PACAP-induced calcium signaling (n ϭ 393) ( a). Treatment with caffeine (10 M-1 mM; n ϭ 345) did not interfere with PACAP-induced calcium responses ( b). In contrast, incubation of thapsigargin (2 M; n ϭ 174) caused an increase of [C a 2ϩ ] i , and no PACAP-induced changes of [C a 2ϩ ] i were detectable after thapsigargin-sensitive calcium stores were depleted ( c); however, these cells were able to react to glutamate. These data indicate that in SC N neurons PACAP induces calcium release from (thapsigargin-sensitive) intracellular stores and also calcium influx. The duration of drug application is indicated by bars. (Figure legend continues) negative control, did not result in an inhibition of PACAPinduced increases of [C a 2ϩ ] i ( p ϭ 0.51 vs controls) (Fig. 8) . Inhibition of the PKC with bisindolylmaleimide I (GF 109203X; 2 M) (n ϭ 126) elicited merely monophasic PACAP-induced changes in [C a 2ϩ ] i in 70% of the PACAP-responsive neurons and thus suppressed the plateau phase and calcium oscillations in most cells (Fig. 9a) . A similar result was obtained by inhibition of the PKC with chelerythrine (10 M; n ϭ 156), which caused monophasic responses in 90% of the PACAP-sensitive neurons. In contrast, PACAP stimulation of cells from the same preparations, but without PKC inhibition, showed monophasic increases of [Ca 2ϩ ] i in only 15% of the PACAP-responsive neurons.
Voltage-gated calcium channels are not involved in PACAP-induced changes in [Ca 2؉ ] i
The previous results demonstrate that calcium channels in the plasma membrane are responsible for the plateau phase of the biphasic calcium signals and for the calcium oscillations, because both depend on calcium influx. To examine the role of voltagegated calcium channels (VGCC s) in PACAP-induced calcium signaling in SC N neurons, we blocked VGCC s with subtypespecific antagonists and analyzed the changes of [C a 2ϩ ] i after PACAP stimulation. Blockade of L -type calcium channels with nifedipine (10 -100 M; n ϭ 139), verapamil (10 -100 M; n ϭ 100), or diltiazem (10 -100 M; n ϭ 149) did not influence the PACAP-induced changes of [C a 2ϩ ] i , and it did not inhibit the plateau phase or PACAP-induced calcium oscillations (Fig. 9b-d) . Blockade of T-type channels with amiloride (100 nM-100 M; n ϭ 459) (Tang et al., 1988) , N-type channels with -conotoxin GVIA (1-10 M; n ϭ 290), and P-type and also Q-type channels with -agatoxin IVA (1-500 nM; n ϭ 238) (Randall and Tsien, 1995) led to the same results: none of these treatments interfered with PACAP-induced calcium signaling (Fig. 9e-g ). Furthermore, combined blockade of these VGCC s with a cocktail of diltiazem (50 -100 M), amiloride (50 -100 M), -conotoxin GVIA (1-2 M), and -agatoxin IVA (50 -100 nM) did not inhibit the PACAP-induced influx of calcium that is responsible for the plateau phase and calcium oscillations (n ϭ 174) (Fig. 9h ).
Melatonin and PACAP in the SCN: no evidence for an interaction on the calcium signal transduction cascade
In the SC N of newborn Wistar rats (day 1-7), melatonin binding sites were detected by in vitro autoradiography (Fig. 10) . Calcium imaging by means of the f ura-2 technique revealed that application of melatonin in a physiological concentration (10 nM) did not change [C a 2ϩ ] i in primary cell cultures of rat SC N neurons (Fig.  11a) . Furthermore, melatonin did not inhibit PACAP-induced increases of [C a 2ϩ ] i when applied for 5-10 min before PACAP treatment (n ϭ 92) (Fig. 11a ). Even after a prolonged time of preincubation (30 min), a period sufficient to completely inhibit PACAP-induced phosphorylation of the transcription factor CREB in slice cultures of the rat SC N (Kopp et al., 1997) , melatonin did not influence the PACAP-induced pattern of changes in [C a 2ϩ ] i (n ϭ 143) (Fig. 11b,c) .
DISCUSSION
During the last few years, increasing evidence has been provided that PACAP acts as a neuromodulator of the RHT, conveying information about the ambient light/dark cycle to the circadian pacemaker in the hypothalamus (Hashimoto et al., 1996; Hannibal et al., 1997; Shioda et al., 1997) . The cAMP signal transduction cascade is apparently one pathway through which PACAP affects SCN functions, because PACAP-induced phase-shifts were blocked by a specific cAMP antagonist (Hannibal et al., 1997) and the PACAP-induced phosphorylation of CREB was inhibited by melatonin (Kopp et al., 1997) . In the present report we demonstrate that PACAP also elicits changes in [Ca 2ϩ ] i in SCN neurons, demonstrating a substantially enhanced signaling potential of this neuropeptide in the circadian clock.
PACAP was first isolated in 1989 from ovine hypothalamus and named because of its AC-activating potency (Miyata et al., 1989) . More recently, the peptide has also been shown to activate the calcium signaling pathway via a broad spectrum of signal transduction mechanisms. These signaling cascades are activated in parallel in many systems and include (1) activation of the AC with subsequent cAMP/protein kinase A-dependent opening of calcium channels, (2) release of calcium from inositol (1,4,5)-trisphosphate (IP 3 )-sensitive stores without subsequent calcium influx, (3) calcium release from ryanodine-sensitive stores independent of both IP 3 and cAMP, and (4) PKC-dependent activation of calcium channels without IP 3 formation. Different types of VGCCs and voltage-gated (TTX-sensitive) Na ϩ channels are often involved in these PACAP-induced calcium signaling events (Isobe et al., 1993; Rawlings et al., 1993 Rawlings et al., , 1994 Leech et al., 1995; Hezareh et al., 1996 Hezareh et al., , 1997 K. Tanaka et al., 1996 K. Tanaka et al., , 1997 K. Tanaka et al., , 1998 O'Farrell and Marley, 1997) .
Our results demonstrate that in SCN neurons PACAP induces changes in [Ca 2ϩ ] i that are independent of cAMP but require G-protein-mediated activation of PLC. This leads to an initial ] i in only 15% of the PACAP-responsive neurons. Specific blockade of VGCCs of the L-type with diltiazem (10 -100 M; n ϭ 149) (b), nifedipine (10 -100 M; n ϭ 139) (c), or verapamil (10 -100 M; n ϭ 100) (d), respectively, did not inhibit the calcium-induced calcium influx responsible for the plateau phase (c, d) and the calcium oscillations ( b) after PACAP stimulation. Similar results were obtained by blockade of VGCCs of the T-type with amiloride (100 nM-100 M; n ϭ 459) ( e), of the N-type with -conotoxin GVIA (1-10 M; n ϭ 290) ( f ), and of the P-type and also Q-type with -agatoxin IVA (1-500 nM; n ϭ 238) ( g). Even combined blockade of these VGCCs with a mixture of diltiazem (50 -100 M), amiloride (50 -100 M), -conotoxin GVIA (1-2 M), and -agatoxin IVA (50 -100 nM) did not inhibit the calcium influx elicited by PACAP application (n ϭ 174) ( h). The duration of drug application is indicated by bars.
release of calcium from I P 3 -sensitive intracellular stores, which in turn causes PKC -mediated opening of calcium channels in the plasma membrane and subsequent calcium influx in 80% of the analyzed cells, resulting in a plateau phase or calcium oscillations. A similar mechanism has been described in a rat pancreatic cell line (Barnhart et al., 1997) , in gonadotrophs of the rat anterior pituitary gland, and in the gonadotroph-derived ␣T3-1 cell line (Rawlings et al., 1993; Schomerus et al., 1994) . However, in ␣T3-1 cells, the plateau phase could be blocked by L-type VGCC antagonists (Hezareh et al., 1997) . In contrast, in SCN neurons, blockade of VGCCs of the L-type or of the N-, P-, Q-, and T-type as well as simultaneous blockade of all of these channels had no effect, suggesting that other (non-voltage-gated?) channels are involved in PACAP-induced changes in [Ca 2ϩ ] i . In addition, voltage-gated Na ϩ channels are not involved in this calciuminduced calcium influx, because application of TTX did not interfere with PACAP-induced calcium signaling.
In SCN neurons, PACAP elicits a broad spectrum of different changes in [Ca 2ϩ ] i . Because individual neurons of the SCN express an endogenous circadian rhythmicity (Welsh et al., 1995) , SCN neurons may also display circadian rhythms in PACAPsensitivity or in the pattern of PACAP-induced changes in [Ca 2ϩ ] i . The different PACAP-induced changes in [Ca 2ϩ ] i may therefore depend on the circadian phase of single neurons. Treatment with VIP did not elicit any changes in [Ca 2ϩ ] i when applied in the same concentration as PACAP (100 nM), indicating that PACAP-induced changes in [Ca 2ϩ ] i in the SCN are mediated via PACAP type I receptors. These receptors have recently been shown to mediate PACAP-induced phase-shifting of circadian rhythms in the SCN via activation of the cAMP signaling pathway (Hannibal et al., 1997) . Activation of PACAP type I receptors in pheochromocytoma cells induces gene transcription as well as neurotransmitter release by activation of the cAMP or the calcium signaling pathway, respectively (Taupenot et al., 1998) . Continuous activation of these receptors in catecholaminergic neuron-like cells attenuated the PACAP-induced cAMP accumulation, whereas the phosphoinositide turnover and phospho-CREB-mediated transcriptional activity has been overstimulated (Muller et al., 1998) . In contrast, chronic exposure of SCN cells to PACAP resulted in a dramatic desensitization of the calcium signaling pathway. Possibly, in the SCN, PACAPergic modulation of afferent inputs and induction of phase-shifts, manifested by de novo protein biosynthesis, may be restricted to one or the other signaling pathway, a mechanism recently discussed for signaling events in the SCN induced by neuropeptide Y, a neuromodulator of the geniculohypothalamic tract (Harrington and Hoque, 1997) . Glutamatergic neurotransmission to the SCN, suggested to be modulated by both neuropeptide Y and SP (Shirakawa and Moore, 1994; Abe et al., 1996; van den Pol et al., 1996) , may be one target for PACAPergic neuromodulation. The effects of glutamate on SCN neuronal firing rate are not dependent on the circadian time, but glutamate induces the phosphorylation of CREB and phase-shifts (phase-delays as well as phase-advances) that are restricted to distinct time windows, indicating that glutamatergic neurotransmission requires modulation by the circadian clock (Ding et al., 1994 Gannon and Rea, 1994; Inouye and Shibata, 1994; Shirakawa and Moore, 1994) . A great number of PACAP-sensitive neurons responds to glutamate and/or SP. Thus, single SCN neurons are target cells for retinal projections and display an individual (time-dependent?) sensitivity to different neurotransmitters/neuromodulators. In addition to zeitgeber information that is conveyed to the oscillator via the RHT, the SCN receives neuronal inputs from the raphe nuclei and the thalamic intergeniculate leaflet as well as endocrine information. Thus, various information from different sources reaches the clock and has to be integrated into rhythm generation, entrainment, and consolidation. Immunocytochemical characterization revealed that Ͼ50% of the PACAP-sensitive neurons are GABAergic. GABA is the major neurotransmitter of the circadian timing system and has been shown in ϳ80% of all SC N neurons and ϳ50% of all SCN synaptic boutons (van den Pol and Tsujimoto, 1985; Okamura et al., 1989; Decavel and van den Pol, 1990; Moore and Speh, 1993; Buijs et al., 1994; . GABAergic signaling events are involved in receiving, processing, and transmitting (light) information (Ralph and Menaker, 1989; O'Hara et al., 1995; Hermes et al., 1996; Isobe and Nishino, 1997; Strecker et al., 1997; Wagner et al., 1997) . Thus, PACAP directly affects one of the most important neurotransmitter systems of the endogenous clock. The GABA-immunonegative population of PACAPsensitive neurons requires f urther characterization. These neurons may represent GABAergic cells whose neurotransmitter content at the moment of fixation was too low to be detected immunocytochemically. This suggestion is based on findings that in the SC N GABA and glutamic acid decarboxylase, the enzyme that catalyzes GABA biosynthesis, exhibit a circadian rhythmicity of their content or activity (Aguilar-Roblero et al., 1993; Cagampang et al., 1996) and that dissociated SC N cells in culture express independently phased circadian rhythms with period lengths of 24.35 Ϯ 1.20 hr (Welsh et al., 1995) . On the other hand these neurons may be truly non-GABAergic. This would suggest that two populations of PACAP-sensitive neurons exist in the SC N.
The hormone melatonin is synthesized and released in the mammalian pineal organ in a diurnal rhythm, driven by the endogenous clock, with high levels during the dark period. In the SCN, melatonin binding sites have been demonstrated (Vanecek et al., 1987) , indicating that the hormone forms a feedback loop. Like many other substances conveying time information to the SCN, melatonin elicits physiological responses in the oscillator at distinct time windows (for review, see K lein et al., 1991) . These effects are thought to be mediated via inhibition of the AC (Reppert et al., 1994; Liu et al., 1997) , but in principle melatonin can also affect the calcium signaling pathway Klein, 1992, 1995; Godson and Reppert, 1997; McArthur et al., 1997) . In the present report we show that melatonin does not affect [Ca 2ϩ ] i in SCN neurons on its own. Moreover, melatonin does not affect PACAP-induced changes of [C a 2ϩ ] i . The missing effects of melatonin on [C a 2ϩ ] i may not be caused by a lack of melatonin receptors, because newborn rats express melatonin binding sites in the SC N and physiological effects of melatonin have been demonstrated in primary cell cultures of the rat SC N that were comparable to our cell cultures in preparation and cultivation Watanabe et al., 1998) . Our data indicate that the antagonistic effects of melatonin and PACAP on CREB phosphorylation in rat SC N slice cultures seem to be mediated via activation /inhibition of the cAM P signaling pathway (Kopp et al., 1997) . This is consistent with a recent report that in primary cell cultures of the hamster SC N, melatonin inhibits the (cAM P-mediated) forskolin-and dopamine-induced but not the (C a 2ϩ -mediated) glutamate-induced phosphorylation of CREB (McNulty et al., 1998) .
In conclusion, these data in combination with previous findings demonstrate that in the SC N PACAP affects the cAM P as well as the calcium signaling pathway, eliciting a complex pattern in second messenger responses. Intrinsic GABAergic neurons of the SCN appear as the prime target cells for PACAPergic neurotransmission, whereas glutamatergic neurotransmission to the oscillator may be one target for PACAPergic neuromodulation.
The antagonistic potency of melatonin on PACAP-induced signaling events seems to be restricted to the cAMP signaling pathway.
